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Abstract 
Fatigue crack propagation (FCP) studies were conducted on a 
series of Y/Y'-6 (Ni-Nb-Al) alloys by subjecting then to cyclic 
four-point bending loads at room temperature. The aluminum con- 
tents of the alloys investigated ranged from 1.5X to 2.5Z by weight, 
with the niobium contents adjusted to maintain controlled eutectic 
microatructures.  In addition to studies of as grown alloys, heat 
treatments were performed on several of the alloys to determine 
what effect the resultant change in microstructure would have on 
FCP behavior. 
-6     —3 Crack growth rates from 10  to 10  mm/cycle were recorded 
as a function of the crack tip stress intensity factor range. The 
growth rates for the heat treated alloys were comparable to the 
as grown FCP behavior. Comparison with other published results 
indicated that the addition of aluminum was beneficial to FCP 
resistance, although the level of aluminum addition (within the 
investigated range of 1.5 to 2.57. by weight) did not influence 
the crack growth rates. Based on a comparison with previously 
reported results, chromium additions were seen to have a detrimen- 
tal effect on FCP behavior.  Fractographic studies revealed the 
superior fatigue behavior of the y/y'-b  eutectic composite to be 
a result of extensive grain boundary delamination at the crack 
tip. 
Introduction 
The increasingly stringent demands which component designers 
have required of materials in the last two decades have frequently 
exhausted the capabilities of conventional alloys.  To this end, 
the metallurgist has been challenged to develop new alloy systems 
which can meet the extreme requirements of modern technology. 
One of the most promising of these new systems has been the 
metal-matrix composite. By combining a strong reinforcing phase 
with a weaker but usually more ductile matrix, it has been possible 
to develop a host of new materials which combine strength with other 
desirable properties such as toughness, creep resistance, oxida- 
tion resistance, etc. These composites have already been intro- 
duced into many commercial products. 
One special class of composite which has been actively researched 
during the past fifteen years is the in situ composite.  These 
composites are unique in that they can be manufactured directly 
from the melt by solidifying an eutectic or near-eutectic metal 
alloy under conditions of unidirectional heat flow.  Because they 
combine the intrinsically superior mechanical properties of the 
'Vhisker-like" reinforcing phase with the dispersion strengthening 
advantages of a very fine spacing between the reinforcing elements, 
these alloys offer great potential for high strength. 
Several comprehensive reviews of in situ composite research 
have appeared in the literature recently (1-4).  These papers have 
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summarized the results of many studies dealing with both the 
manufacture and the properties of this ci:iss of composite materials. 
Of particular note is the ability to modify the base properties of 
a binary eutectlc by both tnicrostructural refinement and further 
alloying to improve matrix properties.  Hence, not only do binary 
eutectlc composites frequently offer improved properties over con- 
ventional alloys, but they themselves can often be further improved 
through microstructural changes brought about by ternary or higher 
order alloying. 
Eutectics Based on Ni - Ni^Nb 
One of the most attractive and extensively examined direction- 
ally solidified eutectic composite system has been based on the 
binary eutectic Ni - Ni Nb (y  - 6).  This lamellar eutectic alloy 
has a composition of Ni - 23.8 wt.% Nb (5). 
An early study of the mechanical properties of the y ~ 6 com- 
posite was made by Quinn and co-workers(6).  They identified the 
crystallography of the Ni - Ni_Nb system to be of the form: 
Lamellar interfaces     // {ill}   // {010} 
Growth direction       // <11Q>  // <100>e 
Y 6 
Elevated-temperature tensile tests showed the superiority of the 
directionally solidified (DS) composite over the as-cast alloy. 
Octahedral slip in the Ni phase and (010) slip in the Ni-Nb were 
identified as dominant deformation mechanisms, while some evidence 
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of "twin-like" deformation markings was noted parallel to {112} in 
fhe 5 ph.-ist.*. 
A subsequent study by Hoover and Hertzberg (7) confirmed the 
twinning mode In the 6 lamallae; analysis suggested the twin plane 
to be parallel to {112}.  The large tensile ductility exhibited by 
the v - t>  eutectic (> 1171) was attributed to the ability of the 
6 phase to deform.  Further, the authors concluded that tensile 
fracture was controlled by twin boundary cracking in the reinforcing 
phase. 
Annarumma and Turpin (8) used electron microscopy to establish 
the setnicoherency of the y ~ 6 interface.  They further noted that 
the twin boundary cracks in the reinforcing phase were too small 
to propagate into the y matrix.  A related study by Grossiord and 
Turpin (9) identified by electron microscopy the 6 twin plane to 
be of the {211} type.  Confirmation of the {211} twin plane in 
the 6 phase was given by Gangloff and Hertzberg (10) using two- 
surface trace analysis. 
Three deformation and fracture mechanisms were found by 
Gangloff and Hertzberg to control the high temperature tensile 
behavior of the y - 6 composite. At temperatures between 25 C 
and 600 C, deformation and fracture occurred by 6 phase twin boun- 
dary cracking and subsequent necking of the adjacent y matrix. 
Between 600 C and 875 C, cooperative y - 6 twinning occurred, which 
led to the development of damage zones which spanned entire eutectic 
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grains.  From 875 C to 1000 C, void nucleation and coalescence at 
lamellar ends and eutectic grain boundaries controlled deformation 
and fracture of the y - 6 composite. 
One of the first modifications of the y - J DS composite 
involved the addition of 2.5 wt.7, Al to precipitate the Ni-Al (y') 
phase within the Ni matrix. With a solidification growth rate of 
2 cnt/hr., Lemkey (11) found the room temperature tensile strength 
of this y/y'-6 composite to be 1096 MPa.  Bertorello and co-workers 
(12) found a slightly higher tensile strength of 1150 MPa when 
this alloy was grown at 5 cm/hr.  Both of these values were signifi- 
cantly above the tensile strength of 745 MPa as reported by Gang- 
loff and Hertzberg for y ~ 6. 
Bertorello also noted a temperature-dependent triad of defor- 
mation and fracture behaviors, as found in the work of Gangloff 
and Hertzberg.  Extensive eutectic colony boundary delamination 
perpendicular to the fracture surface was seen at intermediate 
temperatures.  This delamination was related to a y' film at the 
colony boundaries. 
Recently, a study of the creep behavior of y/y'-6 (2.5 Al) 
was reported by Nguyen-Dinh (13).  He identified three deformation 
and fracture regions similar to that found in the work of Bertorello, 
et al. A time-dependent transition in creep rupture behavior was 
found.  Grain boundary delamination was proposed as the rate-control- 
ling process in the creep response of this DS composite. 
A great nunber of studies of the V/Y'_5 system have been con- 
ducted by researchers at Pratt & Whitney Aircraft and United Tech- 
nologies Research Center.  For many of these studies Cr was added 
to Improved oxidation resistance at high temperatures.  Lerakey 
and Thompson (14) reported on the tensile and creep rupture behavior 
of this Cr-modified eutectic. The authors noted the superiority 
of this DS composite over conventional superalloys under both 
tension and creep test conditions.  A later study by Breinan (15) 
examined the effects of varying Al and Cr content on the creep 
rupture behavior of Y/Y'"6.  The highest Al content (2.8 wt.7, Al) 
was found to possess the best creep resistance.  Finally, a report 
by Sheffler, et al (16), was directed at the optimization of the 
transverse properties of the Y/V'-6 DS composite. They found a 
fully lamellar alloy with a composition of Ni - 20.1Nb - 2.5A1 - 
6Cr - 0.06C to have the best tensile and creep properties. While 
longitudinal properties of this alloy were superior to the best DS 
superalloys, the transverse properties were still well below those 
of the superalloys prepared with more conventional metallurgical 
techniques. 
Fatigue of Metal - Matrix Composites 
The extant literature on the fatigue properties of direction- 
ally solidified eutectic alloys is not extensive.  Several notable 
studies related to the y - * and y/y'-f_   systems have appeared 
recently, however.  The earliest work on the fatigue properties 
of y - 6 were reported by Hoover and Hertzberg (17).  Their room 
temperature S-N studies revealed this composite to have a notched 
round bar endurance limit 557, of the ultimate tensile strength 
in the longitudinal direction.  A transition in the mechanisms of 
crack growth through the y matrix from Stage I (propagation along 
active slip planes) to Stage II (striation formation) growth was 
noted. The authors concluded that the high cycle fatigue life of 
this DS composite was controlled by Stage I crack growth in the 
y matrix. 
The work of Mills and Hertzberg (18) was the first study of 
fatigue crack propagation (FCP) behavior in an eutectic composite. 
They found that, at room temperature, the crack growth behavior 
of the Y " 6 system obeyed the Paris relationship 
& - C A K" (1) 
where 
-r- « incremental crack growth per cycle, ram/cyc 
A K = stress intensity factor range, MPa /m 
C,n = material constants; 1 x 10   and 4*9, respectively. 
Heat treatment, which produced a Widmanstatten 6 precipitate in 
the Y matrix, caused a slight improvement in FCP behavior.  Some 
secondary cracking parallel to the fracture surface was noted in 
all specimens tested.  Measured strintlon spaeings were found 
to correlate veil vitli macroscopic growth rate dat.-i. 
Yuen and l.everant (19) examined the fatigue response of a 
Co-matrix composite reinforced with Cr?C  (alloy 73C) and of 
y/y'-fi (0 a"d 6'« Cr). They found crack growth rates In y/y'-S 
to be far superior to the Co alloy.  Comparison of their room 
temperature FCP results on y/y'-6 (6 Cr) with those of Mills and 
Hoover led them to conclude that y' did not improve the fatigue 
behavior of the alloy system.  At 700 K, slightly lower crack 
growth rates were found in y/y'-fi without Cr than in the chromium- 
bearing y/y'-6.  Yuen and Leverant also noted no influence of 
interlamellar spacing, X, or of microstructural cellularity on the 
FCP behavior.  Some fatigue crack deflection by delaminar.ion was 
reported. 
S-N studies of y/y'-6 (0 and 6 Cr) by Stoloff, et al (20), 
yielded results which appear to differ with the findings of Yuen 
and Leverant.  These authors reported a room temperature endurance 
limit for y/y'-6 of 84% of the UTS, whereas the Cr-bearing alloy 
had an endurance limit of only 58%.  Their results suggested that 
the addition of Cr adversely affects the fatigue response of the 
y/y'-6 alloy.  It should be noted that the tensile strengths of 
these alloys were very similar — 1193 MPa for 0 Cr versus 1187 
MPa for 6 Cr.  Extensive delamination was found in the y/y'-6 
(0 Cr), and the amount of faceting (Stage .1 crack growth) was less 
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than in the y/y'-b   (6 Cr). 
Objectives of Present Research 
Because of the apparent discrepancy between the work of Yuen 
and Leverant and of Stoloff and co-workers, a major objective of 
the present research will be to identify the effects of varying 
Al content on the room temperature FCP behavior of the y/y'-b  DS 
eutectic.  For all experiments, no Cr will be added to  the alloys, 
A related objective to the above is to observe the effect of Al 
content on the yield strength of Y/Y'~$» since yield strength may 
prove to be an important variable affecting the FCP response of 
the material.  The influence of heat treatment on FCP behavior 
of Y/Y'"6 will also be investigated. 
In light of the role played by delaminations in Y/Y'~6 with 
regard to hot tensile behavior (Bertorello and Hertzberg), creep 
behavior (Nguyen-Dinh and Hertzberg) and high-cycle fatigue (Sto- 
loff, et al), the final objective of the present research will be 
to ascertain the role that delaminations play in controlling 
the FCP behavior of the Y/Y'~S DS eutectic alloys. 
Experimental Procedure 
Alloy Preparation and Heat Treatment 
Master heats of approximately 2000 g. were prepared from 
raw materials of the following purities:  Ni, 99.9X; Nb, 99.8Z; 
Al, 99.9%.     Following the weighting of the charge, the Nb and 
Al were cleaned with soap and water and rinsed ultrasonically in 
acetone.  The Ni was cleaned by a 5-minute immersion in the 
following solution:  100 ml ^0, 225 ml HN03, 150 ml H-SO^ small 
amount HF, and a small amount NaCl. 
Melting was performed under vacuum in a Stokes induction fur- 
nace. An alundum crucible was used to contain the charge.  Heat-up 
and melting were done under vacuum, while melt horaogenization and 
casting were performed under an inert atmosphere.  Either Ar or 
He was used, and a positive pressure of 4-6 cm Hg was maintained 
until solidification was complete. 
The mold used for casting produced eight pins with a nominal 
diameter of 1.3 cm and a length of 20 cm. The mold was coated with 
a slurry of MgO in ethanol and dried before casting.  Prior to 
directional solidification, each as-cast pin was cleaned in the same 
solution used for the cleaning of the Ni. 
Directional solidification was accomplished with the aid of 
a high-thermal-gradient Bridgman apparatus similar to that described 
by Thompson and Lemkey (3).  This equipment was superior to the 
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vacuum rone roelter previously used at Lchigh in that set-up time 
vis considerably shorter lad the higher permissible thermal gradient 
allowed more rapid solidfication rates to be used.  The as-cast 
master heat pins were contained in a 1.3 cm 10 high-purity alunina 
crucible.  All directional solidification was done at a speed of 
10 cm/hr. under a flowing He atmosphere. 
Heat treatments on selected as-grown pins were conducted In 
air.  A solution treatment of 3 hr. at 1493 K was followed by oil 
quenching and subsequent aging at 1223 ±  1 K in a diffusion-type 
furnace.  FCP tests were run on specimens which had been aged for 
357 hours. 
Metallography 
All metallographic specimens were polished through 600-grit 
wet papers, 6 M-m diamond paste, and 1 u,m and 0.06 u,m alumina slur- 
ries.  Various etching techniques were employed in an effort to 
resolve the fine y' *-n the alloys of lower aluminum content.  Listed 
below are the three etchants and the techniques used with each. 
Modified Marble's      Etchant for      Electropolishing 
Reagent (MMR)       Twinning (ET) (EP) 
4 g  Cu2S04-5H20      35 ml HN03 37 ml H3P04 
60 ml Ethanol 2 ml HF 56 ml Glycerin 
20 ml HC1 63 ml HO 7 ml HgO 
20 ml H20 
Swab  for  5 sec. Immerse  for 25 sec. 12 V dc _ 
11 1.0-1.2 A/cm 
Both MMR and EP techniques were used for rnicrostructur.il characteri- 
zation:,, while the KT nerhod w.is employed in the analysis of the 
longitudinal fracture surface profiles. 
Metallographic examinations were conducted using a Zeiss 
Axiotnat optical microscope. In some cases, an ETEC Autoscan Scan- 
ning Electron Microscope was used, with an accelerating potential 
of 20 kV.  Two-stage platinum-carbon replicas were examined Ln a 
Philips EM 300 transmission electron microscope at an accelerating 
potential of 60 kV. 
Hardness Testing 
The response of the 1.5 Al y/y'-b  alloy to heat treatment was 
evaluated by analysis of microhardness measurements.  A pyramid 
indenter was used with a major load of 1 kg.  The hardness inden- 
tations were oriented such that one diagonal was parallel to the 
lamellae. All testing was done on polished sections transverse to 
the growth direction. 
Tensile Testing 
Tensile properties of each alloy were measured on an Instron 
testing machine at a crosshead speed of 0.51 mm/min.  The nominal 
size of the threaded-end tensile bars was 4 mm gauge diameter x 
20 mm gauge length.  A 13 mm strain gauge extensometer was used 
to accurately determine the yield point of each alloy. 
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Fatigue Testing and Data Reduction 
Cyclic testing was performed on an  UTS closed-loop electro- 
hydraulic system.  All tests were conducted under tension-tension 
conditions at frequencies of 20 and 40 Hz and a stress ratio of 
R £ 0.1 (R " ).  Crack growth was monitored by a traveling 
microscope with a calibrated vernier dial. 
A four-point bending fixture previously described by Mills 
and Hertzberg (18) was used in this investigation. The specimen 
size for the FCP tests was 114 x 12 x 2.5 mm, with steel tabs 
being bonded to the ends of the specimen to ensure lateral stability. 
For these tests, the major and minor spans of the fixture were 102 
and 76 mm, respectively (Figure la).  A starter notch 2 mm deep 
was cut into the center of the tensile side of each specimen by 
an electro-discharge machining apparatus. 
To produce the longitudinal fracture surface profiles, smaller 
specimens were cut from the previously tested bars, prenotched, 
and then fatigued cracked.  The loading fixture was modified as 
shown in Figure lb to test these smaller specimens. 
The crack growth rate data were analyzed on a CDC 6400 computer, 
The growth rate at a measured crack length a. was calculated from 
the following formula 
<d7>i= ? + 1"li"1 (2) an l n. , , - n.   ,i + l   l-l 
Because of the relatively large plastic zone size to crack length 
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STEEL 
TAB 
(a) 
G.k  mm 
U H 
[-< kk  mm —►] 
T^J- 
(b) 
Figure 1.  Four-Point Bending Apparatus for Fatigue Testing 
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ratio, it was necessary to include a plasticity correction in the 
d.aa reduction program (18).  This correction approximated the 
effective crack length, a ,f, as the sum of the measured crack etc 
length, a, and the plastic zone size.r 
a ,, *» a + r (3) eff       y v ' 
where 
K ■ stress intensity factor 
ayg ° material yield strength 
These equations define an effective stress intensity factor range 
AKeff "Y '"IT ACT^e7f <5> 
where 
Y —-— = geometrical correction factor 
W       = specimen width 
A a     = stress range 
An iterative procedure was used to calculate the effective stress 
intensity factor range.  The iteration was terminated when the plastic 
zone size correction became less than 2% of the effective crack 
length, i.e. 
y
 
J
 , , <.J L    <  0.02 (6) 
a + (r )j 
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In addition, a least-squares calculation was used to fit the 
growth rate data to an equation of the following form 
log | ■ log C + A log A K (7) 
Fractography 
Examination of the fracture surfaces was carried out using 
both scanning electron (SEM) and transmission electron (TEH) 
microscopic techniques.  For SEM studies, the surfaces were lightly 
coated with an evaporated carbon film to ensure a stable signal 
and examined in an ETEC Autoscan SEM operated at a 20 kV accelerating 
potential.  Standard two-stage platinum-carbon replicas were pre- 
pared for TEM examination.  An RCA EMU-3G electron microscope 
operated at 50 and 100 kV and a Philips EM 300 electron microscope 
operated at 60 kV were used for this phase of the study. 
Examination of the fracture surface profile was accomplished 
by mounting, polishing, and etching (ET etchant) fatigue-cracked 
but unbroken samples.  In this manner, mating fracture surfaces 
could be examined directly. A Zeiss Axiomat optical microscope 
was employed for these examinations. 
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Presentation and Discussion of Results 
Microstructures 
Optical photomicrographs of all five alloys tested are pre- 
sented in Figures 2-4.  The fully lamellar structure of the 1.5 Al 
alloy can be seen in Figure 2a.  A slightly Nb-rlch composition for 
the 1.9 Al alloy is indicated by the 6 islands of Figure 3.  Figure 
U  shows some cellularity in the 2.5 Al y/y'-b  alloy.  The precipi- 
tation of Widmanstatten 6 as a result of the heat treatment can 
be seen in Figures 2b and 3b in the form of small spikes in the 
Y matrix.  The compositions of the three different alloys tested 
are given below: 
Ni Nb Al 
/V'-6   (1.5 Al) 76.5 wt.7o 22.0 1.5 
(1.9 Al) 76 22.1 1.9 
(2.5 Al) 76 21.5 2.5 
(Percentages are calculated from weights 
of raw materials in the master heats) 
Repeated difficulty was encountered in attempts to resolve 
the Y' precipitate in all but the 2.5 Al alloy.  However, the 
extremes of observed Y' size from the 1.5 Al as grown to the 2.5 Al 
alloy can be seen in Figure 5.  The average Y' size was 0.1 - 0.2 ^m 
for the lower Al content, while large precipitates greater than 1 (Am 
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Y/Y' 
(a) As grown 
Widmanstatten 6 
6 
Y/Y' 
(b) Heat treated 
Figure 2.  Optical photomicrographs of Y/Y'~6 
(1.5 Al). Preparation - MMR. 
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Y/Y' 
(A)     As  grown 
Widnvanstatten 6 
(b)     Heat   treated 
Figure 3.     Optical  photomicrograph of Y/Y'-& 
(1.9 Al).     Preparation - MMR. 
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Ccl lular 
st ructuro 
Controlled 
Eutectic 
Structure 
Figure 4.     Optical photomicrograph of Y/Y'~6 
(2.5 Al).     Preparation  - MMR. 
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(«)     1.5 Al 
y'film 
large,   blocky y* 
(b)     2.5 Al 
Figure 5. SEM photomicrographs showing y' in 1.5 and 
2.5 Al alloys.  Preparation - EP. 
21 
in diaraeter could be seen in the alloy containing 2.5 Al.  Smaller 
•,' could also be seen in tht> high Al content.  The large y* eutec- 
tic grain boundary film in the 2.5 Al alloy was not visible In 
the alloy containing only 1.5 Al. 
Hardness vs. Aging Time 
Specimens of v/v'-6 (1.5 Al) were solution treated, quenched, 
and aged at 1223 K for various times up to 360 hours.  Diamond 
pyramid hardness measurements were taken at aging time and the 
results presented in Figure 6. The error bars represent ±  one 
standard deviation.  It can be seen that the aging treatment had 
only a slightly beneficial effect on the hardness of the alloy. 
Because of difficulties encountered in metallography, it was 
not possible to monitor the change in y*  morphology as a function 
of aging time.  However, the relative flatness of the curve in 
Figure 6 suggests that the precipitate morphology and distribution 
did not change appreciably.  Furthermore, the high hardness in 
the as-quenched (0 hour age) specimen implies that the v' precipi- 
tates were present on quenching from the solution treatment temper- 
ature. 
From these results it may be inferred that the solution treat- 
ment and quenching did not suppress the precipitation of a near- 
equilibrium volume percentage of y'*  If a significant supersatura- 
tion of the y  matrix had occurred upon quenching, then the aging 
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treatment would have greatly Increased the amount of y'.  Such an 
increase vovild have manifested itself ns a dramatic increase in the 
hardness of the composite. 
Because the increase in hardness during the aging of the l.S 
Al eutectic was not substantial, it is postulated that the volume 
percentage of v' after quenching was near the equilibrium value. 
Tensile Tests 
The effects of Al content and heat treatment on the room temper- 
ature yield strength of the V/Y'-6 alloys are presented in 
Figure 7.   It can be seen that neither the variation in Al nor 
the heat treatment (357 hrs. at 1223 K) had a significant effect 
on the yield strength. These data suggest that the strength of 
Y/Y'-6 was optimized by the small v' precipitates in the 1.5 Al 
alloy, and that increasing the Al content to 2.5% did not further 
enhance the strength of the alloy. 
FCP Behavior 
The results of all five FCP test programs are presented in 
da Figures 8-12 in the form of crack growth rate (—) vs. stress 
intensity factor range (AK) plots.  The least-squares line for 
the as-grown 1.5 Al (Figure 8) is plotted on the other four sets 
of data to provide a comparison among the alloys.  The Paris con- 
-12 
stants for this line were C = 8 x 10   (SI units) and n = 4.28. 
This slope is somewhat lower than that foupd by Mills and Hertzberg 
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Figure 7 
Yield Strengths for the Alloys Tested 
Alloy 
Y/Y'"6 (1*5 Al) as grown 
(1.5 Al) heat treated 
(1.9 Al) as grown 
(1.9 Al) heat treated 
(2.5 Al) as grown 
<rYS   (0.27. Offset) 
1100 MPa 
1041 
1020 
1034 
1052 
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DELTA K - MPfl (M)l/2 
Figure 8. Crack growth rate vs. stress intensity range for 
1.5 Al (as grown). 
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Figure 9. Crack growth rate vs. stress intensity range 
for 1.5 Al (heat treated). 
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Figure  10. Crack growth rate vs. stress intensity range 
for 1.9 Al (as grown). 
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Figure 11.  Crack growth rate vs. stress intensity 
range for 1.9 Al (heat treated). 
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Figure   12. Crack growth rate vs. stress intensity range 
for 2.5 Al (as grown). 
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for the Y " 6 system (n - 4.9).  The rather limited range of data 
tor several of the alloys resulted from the tendency of these 
samples to delamlnate and split longitudinally early In the test. 
Several important observations can be made from these results. 
The first Is that a variation in the Al content of the as grown 
alloys did not significantly affect the crack growth rate behavior 
of y/y'-b  eutectic composites. A second observation is that the 
heat treatments of the 1.5 and 1.9 Al composites also had a minimal 
effect on crack growth rates. The data for heat treated 1.9 Al lie 
on the least-squares line of as grown 1.5 Al, and growth rates for 
heat treated 1.5 Al were somewhat higher than for the as grown 
condition, though not by a large degree. 
Comparison of the present results with the work of Mills and 
Hertzberg (18) indicate that the addition of Al to the binary y - 6 
DS eutectic dramatically improved the FCP behavior of the alloy. 
Figure 13 shows y/y'-b   (0 Cr) to have crack growth rates an order 
of magnitude lower than those for y -  6. This effect may be ration- 
alized on the basis of stacking fault energy considerations.  The 
work of McEvily and Boettner (21) and of Miller (22) on fatigue 
crack growth in fee metals revealed that a reduction in stacking 
fault energy (SFE) was associated with a decrease in crack growth 
rates.  McEvily and Boettner theorized that the beneficial effect 
of lowering SFE was due to the increased difficulty of cross-slip. 
Along a parallel line of reasoning, Miller postulated that decreasing 
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Figure 13.  Comparison of present work with FCP data 
on y - 6 and y/y'-6   (6 Cr). 
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the SFE interfered with the formation of the dislocation substruc- 
ture which is n precursor to cracking.  Therefore, the lowering of 
the SFE of Nl by the addition of Al, coupled with the observation 
by Hoover and Hertzberg that the high cycle fatigue behavior of 
V - 6 was controlled by crack growth in the y matrix, is considered 
to be the reason for the superior FCP behavior of the y/y'-6 
alloys. 
A similar improvement in fatigue response was reported by Kim, 
Maurer, and Stoloff (23) in the Ag_Mg-AgMg eutectic composite. 
These authors noted improved fatigue resistance when this alloy 
was heat treated to produce long-range order in the matrix.  The 
transition from wavy to planar glide upon ordering was suggested 
as an explanation for the observed improvement in resistance to 
fatigue damage. 
The data shown in Figure 13 suggest that the addition of Cr 
had a detrimental effect on the FCP behavior of y/y'-6 alloy.  The 
room temperature growth rates reported by Yuen and Leverant (19) were 
at least one order of magnitude higher than for the y/y'-6 eutectic 
without Cr.  As was mentioned in the Introduction, Yuen and Leverant 
did find somewhat lower growth rates in the 0 Cr over the 6 Cr alloy 
at 700 K, although no comparison was made at room temperature.  Since 
these authors did report equivalent fatigue behavior in these two 
alloys at 1200 K, their results might indicate a divergence in the 
FCP behavior of the alloys as test temperature was decreased.  If 
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so, then a marked difference in crack growth rates at room tempera- 
ture would seon reason.i!> If . 
The apparently detrimental influence of Cr on the fatigue of 
Y/Y'"6 is n°t clearly understood.  Since Cr decreases the SFE of 
Ni (24), one might expect the addition of this element to y/y'-t 
to decrease the crack growth rates in a manner similar to the addi- 
tion of Al to Y - 6. This behavior was clearly not the case. 
Furthermore, Yuen and Leverant concluded that neither changes in 
inter lamellar spacing, X, nor in micros tructural cellularity had 
any effects on the FCP behavior of y/y'-b.     However, It should be 
noted that when they increased the soldification growth rate to 
achieve a finer interlamellar spacing, they also changed the micro- 
structure from fully lamellar to a cellular morphology.  Therefore, 
the concurrent effects of these two microstructural changes on 
fatigue behavior could have been offsetting.  If so, then a decrease 
in X alone might be expected to improve FCP behavior.  Since the 
average interlamellar spacing for the cellular v/v'-6 (6 Cr) was 
reported to be 5.3 p.m vs. 3 urn in the present work, it might be 
argued that the improved fatigue response of the eutectics without 
Cr was a result of the finer interlamellar spacing.  However, it is 
doubtful that such a modest decrease in X could have resulted  in 
an order of magnitude decrease in crack growth rates.  Since both 
the y/y'-b   (6 Cr) and the present Y/Y'"6 (2.5 Al, 0 Cr) were 
cellular, this microstructural defect may be discounted as having 
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been Influential in the dramatic Improvement In FCP behavior. 
Further work is needed to clarify the role that Cr plnys in the 
fatigue behavior of the y/y'-ft composite. 
Fractography 
Scanning electron microscopy provided a direct comparison 
between the present study of y/y*-6 and the results of Mills and 
Hertzberg for the y - 6 system.  It was found that the fatigue 
fracture surfaces of all y/y'-6 alloys tested were significantly 
rougher than the y  - ft alloy.  Figures 14-16 illustrate the dramatic 
difference between y -  6 (Figure 14a) and the y/y'-6 alloys. These 
rough surfaces appeared to be the result of extensive delaminatlon 
which produced many large vertical steps on the fracture surfaces. 
In addition to these apparent delaminations, evidence of secondary 
cracking into the specimen interior can be seen in Figure 16b. 
To confirm that extensive delaminatlon was occurring in the 
y/y'-6 alloys, longitudinal fracture surface profiles were prepared 
by mounting and polishing mating halves of cracked but unbroken 
fatigue specimens.  Examination of these samples revealed that 
extensive delamination and crack bifurcation had occurred in all 
alloys tested.  Figure 17 shows two typical fracture profiles 
where the erratic path of the crack is evident in both cases.  It 
was found that approximately 907. of the delaminatlon were inter- 
granular, i.e., at the eutectic colony boundaries instead of along 
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(») v - 6 
Crack 
Growth 
Direction 
(b)  Y/Y'-6 (2.5 Al) 
Crack 
Growth 
Direction 
Figure 14. SEM fractographs showing typical surface 
features of y - 6 and y/y'-b   (2.5 Al - 
as grown). 
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Crack 
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(b)  Heat treated 
Crack 
Growth 
Direction 
Figure 15. SEM fractographs showing typical surface 
features of y/\'-b   (1.5 Al - as grown; 
1.5 Al - heat treated)". 
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Crack 
Growth 
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(b)  Heat treated 
Crack 
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Direction 
Figure 16. SEM fractographs showing typical surface 
features of Y/Y'-6 (1.9 Al - as grown; 
1.9 Al - heat treated).' 
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Figure 17a. 
300 \m 
I    i 
Typical longitudinal fracture surface profile 
illustrating erratic crack growth and delamina- 
tions.  Preparation - ET. 
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Figure 17b. 
200 um 
I    I 
Typical longitudinal fracture surface profile 
illustrating erratic crack growth and delamina- 
tions.  Preparation - ET. 
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lamellar interfaces.  The character of the delaminae ions was found 
to be independent 01   aluminum content and specimen heat treatment. 
The predominance of Intergranular delamination was significant 
in light of the variation In grain boundary morphology among the 
alloys.  Whereas the eutectlc containing 2.5 Al had an extensive 
y' eutectlc grain boundary film of significant *lze, the 1.5 Al 
alloy had no visible v' film (Figure 5).  Apparently the tendency 
toward delamination in these alloys was independent of the presence 
of a large y'   film. 
Because of the delamination and resultant crack blunting, 
the crack is forced to reinitiate continuously.  Hence, the average 
crack growth is expected to be lower with increasing amounts of 
delamination.  The repeated delamination of the crack is believed 
to be responsible for the large amount of scatter in' the FCP data 
(Figures 8-12).  The data showed repeated slowing of the macro- 
scopic growth rates, frequently in conjunction with the appearance 
of a delamination on the surface of the specimen during the test. 
As was previously mentioned, the paucity of data for several of the 
alloys was due to the tendency for these metals to delaminate and 
split longitudinally, thereby terminating normal transverse crack 
growth. 
Twinning in the 6 phase away from the fracture surface was 
observed in the metallographic fracture profiles.  Figure 18 shows 
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two samples of this twinning deformation.  Some twin boundary 
tracking was observed, but the density of such markings vns   low. 
In general, there was some evidence to suggest that twin density 
was higher at longer crack lengths.  Such behavior would be consis- 
tent with a larger stress intensity factor associated with longer 
cracks. 
The beneficial influence of delaminations in slowing macro- 
scopic growth rates In y/y'-t>   is evident from the present work. 
Several other researchers have recently reported fatigue studies 
of other metals in which delaminations were found to be beneficial. 
Thompson, et al. (25), found that a water quenched Ti - 6A1 - AV 
alloy, which showed superior FCP behavior over other heat treated 
conditions, contained a significantly greater density of secondary 
cracking than the other conditions.  In studying the fatigue 
behavior of a Ni - Al - Cr - C eutectic alloy, May (26) found the 
specimens with the longest fatigue lives to have sustained crack 
blunting and exhibited evidence of crack deflection by the fibers. 
Crack branching was found to retard crack growth directionally 
solidified IN 738 LC by Scarlin (27).  Also, previously mentioned 
work by Stoloff and by Kim cited evidence that delaminations had 
slowed the crack growth rates. 
Transmission electron microscopy of the replicated fracture 
surfaces revealed surface features similar to those seen by Mills 
and Hertzberg.  The smooth, featureless fracture of the 6 platelets 
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(a) 
1.9 Al 
(b) 
2.5 Al 
Figure  18.     Fracture  profiles  showing 6  phase  twinning. 
Preparation  - ET. 
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(a) 
(b) 
Figure 19.  TEM fractographs showing smooth fracture of 
6 platelets and faceted (Stage I) crack growth 
in the y matrix. 
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(b) 
Figure  20.     Striation-like  fracture surface markings, 
TEM fractograph. 
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and the Stage I faceting of the y matrix were both evident In all 
■./•,•'-' tl'.ovs.  TiiMir*' 19 shov: *evrral typical regions of faceted 
V. 
The Stage I - II transition seen in the v - 6 system was not 
observed in the present work.  Furthermore, the extent of crack 
growth over which faceting in the matrix occurred was greater in 
the v/y'-S alloys than in the v - 6. This observation is consistent 
with the fact that the addition of Al would lower the SFE of the 
Ni matrix, thereby increasing the propensity for crystallographic 
fracture along wide stacking faults. Unequivocal evidence for 
fatigue striations was not found on the y/y'-6  fracture surfaces 
examined on this investigation.  Figure 20 shows fracture surface 
markings which bear some similarity to striations but are believed 
to be the result of surface abrasion. This interpretation is based 
on the fact that the fracture surfaces were intrinsically rough 
(caused by extensive delaminations) and therefore prone to periodic 
interference during cyclic loading.  Furthermore, the parallel 
markings shown in Figure 20 were found only in regions that exhibited 
a burnished, featureless appearance, suggesting rubbing of the 
mating fracture surfaces. 
Summary Remarks on Experimental Results 
The results of these FCP tests on the y/y'-b  system indicated 
that the addition of Al to the base y -  6 was beneficial to crack 
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growth rates.  Additionally, the fractographlc studies suggested 
(hit the tendency for these composites to delaminatc enhanced their 
FCP behavior.  The following question might then reasonably be 
asked:  Did the addition of Al to y - 6 increase the propensity for 
the alloy to delaminate? 
Because of the predominance of grain boundary delamination, 
one might reasonably be tempted to look for a brittle grain boun- 
dary film as an explanation.  As was previously discussed, however, 
the large y' grain boundary film seen in the 2.5 Al alloy was not 
visible in the composite containing only 1.5 wt.Z Al. An interes- 
ting trend in the FCP data did suggest some influence of this large 
y* film, nonetheless. The available range of data was greatest 
for the 1.5 Al alloys and least for the 2.5 Al composition.  Pre- 
mature terminal delamination was previously cited as the reason for 
the minimal range of data for the high Al eutectic.  The premature 
termination of crack growth by delamination occurred earliest in 
the composition which contained the large, continuous y' film at the 
eutectic colony boundaries.  Therefore, although the size of the 
y' film did not appear to influence the macroscopic growth rates, 
the size did have an effect on the extent of stable fatigue crack 
growth prior to failure. 
A qualitative explanation for the beneficial effect of Al on 
the fatigue behavior of the (y-6)/(y/y'-6) system may be found 
instead in a "weakest link" argument.  In the y - 6 system, it 
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is postulated that the y  matrix is weak enough so as to allow for 
the p.is<!.i.;e of a crack.  Consequently, de lamlnat ions would be 
infrequent because of the ease of transgranular propagation.  How- 
ever, the addition of Ai is seen to strengthen the v matrix by 
precipitation of y'; the hardness of the as-grown composite Increases 
from D.P.H. 323 for y - 6 (28) to 440 for \/y'-6   (1.5 Al).  The 
V/'Y' matrix would then be expected to more effectively resist 
crack propagation, so that when the crack reaches a eutectic colony 
boundary, the path of least resistance would be along the boundary 
rather than through the adjacent grain.  Hence, grain boundaries 
in y/y'-b  could become the weakest part of the composite structure 
as a result of the addition of Al to the alloy. 
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ConclusIons 
1. Improved FCP behavior resulted from the addition of Ai to 
Y - 5 to produce the v/y'-6 eutectlc composite.  In the 
Investigated range of Al addition (1.5 - 2.5 wt.X), there 
was no difference in the effect of Al content on crack 
growth rates. 
2. The superior fatigue response of the y/y'-b  composites 
was a result of repeated delaminations at the crack tip. 
These delaminations blunted the crack and required reinitiation 
of the fatigue crack for continued growth. 
3. Delamination in the Y/Y'"& alloys was predominantly inter- 
granular in nature, with only 10% of observed delaminations 
being interlameliar. 
4. A comparison of the present work with that of Yuen and 
Leverant on the Y/Y'~& (6 Cr) system indicated that the 
addition of Cr was detrimental to the FCP behavior of the 
composite. 
5. The yield strength of a y/fy'-b  eutectic composite was not 
sensitive to Al content in the range of 1.5 - 2.5 wt.% Al. 
6. The hardness of a Y/Y'~6 (1-5 Al) composite was not signifi- 
cantly affected by solution treatment or aging time. 
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